U
nderstanding the adhesion mechanisms of biological systems is of great scientific interest (1-5) and a prerequisite for bioinspired design of adhesive systems (6, 7) . The hierarchical gecko foot structure (8, 9) consists of lamellae (400-600 m long), setae (2-10 m wide, 100 m long), and spatulae (Ϸ200 nm wide and long) ( Figs. 1 and 2 ). This structure allows the animal to adhere to almost any surface topography. To date, adhesion experiments were performed on the level of a whole foot (4, 8) or of a single seta (still consisting of 100-1,000 spatulae). Recently, atomic force microscopy (AFM) was used to determine the pull-off force of even a single spatula (10) . This nanomechanical technique has now been used to shed light on the mechanisms of gecko adhesion in the presence of water.
The dominant mechanism of gecko adhesion is still a matter of debate. Early studies of gecko adhesion invoked capillary forces (8, 11) due to liquid bridges, whereas a recent investigation (12) rejected the contribution of capillarity and indicated that van der Waals forces alone can give rise to the high adhesion observed. Even a monolayer of water, always present on surfaces under normal atmospheric conditions (13, 14) , can significantly influence the attraction between two surfaces (15) (16) (17) (18) (19) (20) . In view of the recent results obtained by Autumn et al. (12) , the controlling adhesion mechanism remains inconclusive.
Our detachment experiments on the spatular level provide additional insight. They were performed with substrates of varying degrees of hydrophilicity (contact angle) and as a function of air humidity. Because the gecko exhibits a dry adhesion system and does not produce secretion, any capillarity effects must be due to the air humidity controlled in our experiment. The method is the same as described in our previous paper (10) . It is based on detachment experiments with an AFM of spatulae isolated by micromachining with a focused ion beam (Fig. 2) . We report only pull-off forces of single spatulae; in cases where two spatulae detached simultaneously, the force value was halved. In total, Ϸ600 detachment measurements were performed on two setae with four spatulae at their ends.
Materials and Methods
Preparation of the Different Wafer and Glass Surfaces. Wafers of type N were supplied by Wacker Siltronic (Burghausen, Germany), and type T wafers were supplied by SilChem Handelsgesellschaft (Freiberg, Germany). The thickness of the amorphous Si oxide layers was determined by ellipsometry (EP 3 , Nanofilm, Göttingen, Germany). These wafer surfaces were modified in two different ways, resulting in different wetting properties (21, 22) . After the wafers were cut, the pieces were cleaned with a snow jet (a fast CO 2 jet containing CO 2 crystals; Tectra, Frankfurt͞Main, Germany) to remove microscopic contamination. The samples were then treated with ''piranha'' solution, i.e., a 1:1 mixture of concentrated sulfuric acid and hydrogen peroxide (30%) for 30 min. They were rinsed in fresh hot Millipore water for 30 min immediately before the adhesion experiments. To produce hydrophobic substrates, they were covered with a monolayer (2.4 nm thick) of octadecyltrichlorosilane (Aldrich). Before the experiments, they were cleaned in an ultrasonic bath by ethanol, acetone, and toluene. The same cleaning procedure was done for the alkali lime silica glass coverslip.
Preparation of Single Spatulae. A single seta was sheared off a nonmoulting gecko with the aid of a needle tip. Using a binocular microscope, the isolated seta was then glued to the end of the well calibrated (23) contact-mode cantilever of an AFM (MikroMasch, Tallinn, Estonia). We used UV curing glue (Henkel Loctite Deutschland, München, Germany) to allow suitable alignment of the seta, which had to be perpendicular to the cantilever for correct force measurements. When the seta was perfectly positioned, it was fixed by curing with a UV lamp (maximum 5 min, wave length 366 nm). The specimen was then processed in a focused ion beam (FIB) microscope (FEI 200xP, Hillsboro, OR). Most terminal branches of setae were machined away to isolate a few single spatulae (nՅ 4). We simultaneously verified in the FIB that the glue did not spread along the stalk of the seta, which would have changed its mechanical properties. Finally, the cantilever was installed in the AFM (NanoWizard, JPK Instruments, Berlin).
Force Measurement for a Single Spatula During Perpendicular Pull.
To measure the pull-off force perpendicular to the surface, the contact silicon cantilever CSC12͞Cr-Au͞50 was calibrated by using the well established thermal noise method (23, 24) . The force resolution of the AFM amounts to Ϸ70 pN. Each spatula was brought in contact by applying a vertical preload. Then the spatula was sheared by 7 m parallel to the surface to mimic the gecko's biomechanics. The desired shearing direction was defined by the alignment of the spatulae relative to the cantilever beam. After preloading and shearing, the cantilever was vertically withdrawn while simultaneously measuring the force (512 data points per cycle). The pull-off force was defined as the minimum of the force-distance curve.
Two types of experiments were performed: First, substrates with surfaces of different contact angles for Millipore water were produced by varying the surface chemistry of a Si wafer by silanization. The substrate types used were wafers with different thicknesses of the top amorphous Si oxide layer (N, the natural Ϸ2-nm-thin oxide layer and T, the thermally grown thick Ϸ192 nm layer). The static contact angles of a sessile water drop were determined by means of the contact angle system OCAH 230 (Dataphysics Instruments, Filderstadt, Germany). When thoroughly cleaned, the Si oxide surfaces were hydrophilic, with a water contact angle of Ϸ10°. Both wafer types were alternatively covered by a hydrophobic monolayer of silanes (octadecyl-trichlorosilane) causing water contact angles Ͼ100°. This resulted in four types of substrates, abbreviated in the following as N-phil and N-phob as well as T-phil and T-phob. Contrary to earlier studies with different substrate materials (12), our investigation allows effects of short-range forces to be separated from those of long-range interactions: substrates exert either identical short-range but different long-range forces (N-phil and T-phil vs. N-phob and T-phob) or different short-range but similar long-range forces (N-phil and N-phob vs. T-phil and T-phob) (21, 22) . The roughness of all surfaces was comparable (N type, rms Ͻ0.15 nm; T type, Ͻ0.2 nm). For comparison with our earlier data (10), a f lat alkali lime silica glass (water contact angle 58.4 Ϯ 2.7°) was also used as a substrate.
The second type of experiment involved systematic and controlled variation of air humidity. The experimental setup consisted of a commercially available AFM (NanoWizard, JPK Instruments), placed in an air-tight container. Inside the container, the humidity level was adjusted by varying the flow rate of dry nitrogen and continuously monitored by a commercially available hygrometer (testo 177-H1, Testo, Lenzkirch, Germany). Additionally, the increase in thickness of the water layer on a wafer surface was measured by ellipsometry, as a function of humidity. As an extreme case, detachment experiments were also performed for the N-phil and the glass substrates when completely submerged under fresh Millipore water. Fig. 3 shows the results of the spatular detachment measurements for the four different types of Si wafers and for the glass substrate, all at ambient temperature (25°C) and humidity (52%). Significantly higher pull-off forces were recorded for both hydrophilic wafers, N-phil and T-phil, compared with the N-phob and T-phob substrates. The N-phil surface (contact angle 10 Ϯ 7°, n ϭ 5 each) gave pull-off forces of 18.4 Ϯ 3.5 nN (n ϭ 60 each). The adhesion force was slightly lower (14.0 Ϯ 1.7 nN) on the T-phil substrate (11 Ϯ 7°). The pull-off force was reduced by a factor of Ϸ2.4, to 7.7 Ϯ 1.6 nN, on the N-phob surface (107.3 Ϯ 0.6°). A further small decrease in adhesion was found for the T-phob substrate (110.9 Ϯ 0.7°). Here, the adhesion force averaged 7.2 Ϯ 1.7 nN. For the glass substrate, the pull-off forces were high when measured at ambient humidity (11.1 Ϯ 0.7 nN). When submerged in water, much-reduced values were found, i.e., 2.4 Ϯ 0.8 nN for glass and 3.3 Ϯ 0.3 nN for N-phil (n ϭ 65).
Results
The detachment forces are sensitive to the presence of the octadecyl-trichlorosilane layer but not to the thickness of the oxide layer (N vs. T type). This proves that adhesion is determined by short-range forces, whereas long-range forces are insignificant. It is essential to note that detachment distances in van der Waals adhesion are typically Ͻ1 nm and independent on the strength of the force, i.e., on the Hamaker constant. Therefore, the long-range part of the attractive dispersion force is indeed irrelevant, and the pull-off force is directly proportional to the minimum value of the potential. This minimum is influenced solely by the chemical composition of few layers at the surface of the substrates. Fig. 4 displays the spatular pull-off forces on the glass surface as a function of air humidity. Similar to the results in Fig. 3 , the pull-off force values vary by up to a factor of Ϸ2. In virtually pure nitrogen atmosphere (Ϸ1.5% humidity, which is the lower detection limit of the hygrometer), the adhesion force was found to be 6.4 Ϯ 0.6 nN, n ϭ 10 for specimen 1 and 7.0 Ϯ 0.1 nN, n ϭ 10 for specimen 2. With increasing humidity, the adhesion forces were found to increase in a monotonic manner; the increase was roughly linear for specimen 1 and exhibited a steeper initial slope followed by a plateau-like behavior in specimen 2. The maximum forces for both specimens were almost identical (12.1 nN for specimen 1 and 12.3 nN for specimen 2). These experiments were highly reproducible: Refilling the container with pure nitrogen resulted in the same previously measured minimum pull-off force of Ϸ7 nN. The same experiments conducted on the N-phob substrate resulted in a much smaller increase of adhesion force and larger scatter in the data. Fig. 4 Inset shows the result of the ellipsometric thickness measurements of the water layer. At a humidity of 88%, the original film thickness on the wafer increased by Ϸ0.2 nm, which corresponds roughly to one additional monolayer of water.
Therefore, in our experimental setup, we had at least a partial coverage of the substrate by a monolayer of water.
Discussion
The essential finding of this study is that the adhesion force of a gecko spatula rises significantly for substrates with increasing hydrophilicity (Fig. 3) and with increasing levels of humidity (Fig. 4) . This striking behavior suggests that water layers between spatulae and substrates can exert an important influence on adhesion forces. Both types of experiments are essential for this conclusion, because a change in surface chemistry alone (Fig. 3) cannot distinguish between humidity effects and van der Waals effects.
It is instructive to verify whether the magnitude of the increases in adhesion force is reasonable from a theoretical point of view. A humidity effect (Fig. 4) can, in principle, be explained in two possible ways: (i) by standard capillarity or (ii) by a change of the effective short-range interaction due to adsorbed monolayers of water. The capillary force between two different surfaces, a sphere of radius R and a flat surface, may be approximately described by the standard equation (25, 26) 
where 1 and 2 are the water contact angles on each surface, and ␥ L is the liquid͞vapor surface tension (72.5 mJ͞m 2 for water͞ air). With 1 ϭ 58°(for the glass substrate) and R ϭ 100 nm (as a typical spatula dimension), a value of 2 ϭ 115°has to be assumed in Eq. 1 to obtain a humidity-related adhesion force roughly in agreement with experiment (Ϸ5 nN at higher humidities; see Fig. 4 ). The value for 2 is not unreasonable: sessile drop experiments performed on a gecko claw, which also consists of ␤-keratin, gave a value of 128 Ϯ 4°(n ϭ 5). Due to the higher roughness of the claw surface, this value can be seen as an upper bound. The smaller increase in adhesion force for the N-phob substrate in Fig. 4 cannot be explained by this approach; it is possible that subtle time-dependent surface changes due to air exposure can produce such an effect (27) .
In general, such a macroscopic interpretation of the data must be considered with caution. Humidity dependence of adhesion in the presence of small amounts of water is a complex subject, which has received considerable attention over recent years e.g., refs. 28-30. Capillary forces due to liquid bridges, which can be described by contact angles and surface tensions, require a sufficient amount of water between spatula and substrate. The water amount required will depend on the contact angles of the surfaces and on the relative humidity (20) . In view of the hydrophobicity of the spatula, ''real'' capillary condensation would be expected to occur only at relative humidities exceeding 90%, and our ellipsometry data confirm that only adsorbed monolayers of water are present. The data in Fig. 4 can be interpreted as a consequence of a change of the effective short-range interaction due to adsorbed monolayers of water between spatula and substrate. We assume that an areal fraction f of the spatula is in direct contact with the substrate. Additionally, a fraction fЈ of the spatula is in contact with the substrate through a monolayer of water. Assuming further that the amount of liquid is in thermal equilibrium with the vapor phase, the relative water coverage is given by Langmuir's adsorption isotherm:
where H is the humidity, and E is the adsorption energy that is typically much less than the thermal energy k B T at room temperature; above, we have assumed for the hydrophilic sub- water (25) , A s ϭ 6.5⅐10 Ϫ20 J for the glass substrate). The effective Hamaker constant is expressed as
where A wet and A dry are the Hamaker constants with and without a monolayer of water. A tacit assumption inherent in Eq. 3 is that A dry does not depend on humidity. The total adhesion force is given by
where g ϭ fЈ͞f is a geometrical factor. F dry is the adhesion force of a spatula for vanishing humidity, which amounts to Ϸ7 nN for the glass substrate (Fig. 4) . In Eq. 4, the combining rules given in ref. 25 were used for defining A wet and A dry . By setting g ϭ 1.2, we obtain the straight line in Fig. 4 , which is in good agreement with the experimental data for the glass substrate. The lower increase for N-phob can be qualitatively explained by smaller adsorption energy, resulting in reduced water coverage . Clearly, Eq. 4 does not apply in the limit H ϭ 1. In fact, an almost vanishing adhesion force under water is expected, because the Hamaker constant is drastically reduced by the high permittivity of water. This is supported by our experiments, as shown in Fig. 3 . The detachment force in the presence of water is almost six times smaller than for the same experiment at ambient humidity and is independent of contact angle of the substrate. In that case, the adhesion force of a whole gecko foot would also be reduced substantially; this seems to be in agreement with circumstantial evidence from the observation of geckos when running on wet surfaces.
Conclusion
Our study demonstrates that humidity influences gecko adhesion on the spatular level. Its relative contribution depends on air humidity and substrate hydrophilicity. Such an effect can be explained, at least semiquantitatively, by considering water monolayers adsorbed between spatula and substrate. The implications of these findings have potentially high relevance in biology and engineering: studies of bioadhesive mechanisms must account for the possible influence of humidity, and capillary effects should also be optimized in the biomimetic design of artificial attachment systems.
